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I. INTRODUCTION
The pseudospark discharge is an axially symmetric transient, low pressure gas discharge which occurs in a special hollow cathode configuration and operates on the left-hand branch of the Paschen curve. An intense electron beam will be generated during the discharge process and can be extracted from the discharge chamber through a central axial aperture in the electrodes [1] [2] [3] [4] . The pseudospark-sourced electron beam has attractive applications in many fields such as free electron masers 5 , extreme-ultraviolet 6 and soft x-ray 7 radiation sources, especially in driving THz radiation sources [8] [9] [10] [11] due to its high current density and brightness.
As a plasma cathode operating in a low pressure gas, a pseudospark-based intense electron beam source is different from a hot thermionic cathode, or a photocathode operating at room temperature in vacuum. The current density profile and the beam center distribution of the pseudospark-sourced electron beam could be influenced by the discharge process. Due to the high operating frequency, the dimensions of a typical THz beam-wave interaction structure are down to the submillimeter range and the driving current density needs to be hundreds of amperes per square centimeter [9] [10] [11] . Deviation of the electron beam profile and its center position over the submillimeter range could significantly degrade the performance of the radiation source and the physics governing the beam profile and the center position of a pseudospark-sourced electron beam is still unclear. So it is essential to study the distribution of the beam current density and the beam center variation to optimize the design of future beam-wave interaction structures.
Depending on the discharge process, the electron energy of the pseudospark-sourced electron beam disperses in a certain range up to the applied voltage during the discharge 12, 13 . Only the high energy component of the electron beam can interact with the electromagnetic wave to generate high frequency radiation. Destler found the diameter of the high energy 200keV part of the electron beam was in the range of 0.2 to 1.4 mm using a copper stopping foil and heat sensitive polycarbonate sheet 14 . Zhu found electron beam damage patterns on acid-sensitive discoloring film and copper foil and then observed the damage holes had diameters in the 0.3 mm to 0.5 mm range 15 
II. Experimental configuration
The experiments have been carried out on a postaccelerated pseudospark discharge electron beam source, as presented in figure 1 . The pulse generator is a 15-stage pulse forming network (PFN) Blumlein structure with capacitance of ~0.76 nF and inductance of ~186 nH in each stage.
There is a very small discharge gap of 0.2 mm between a 2 mm through hole at the end of the hollow cathode chamber and a 1.6 mm rod-like head of the trigger electrode, which serves as a trigger discharge gap for the pseudospark discharge.
Two sizes of the hollow cathode chamber were used in the experiments. The diameters and depths of the hollow cathode cavities were 26 mm and 12 mm for the smaller chamber (abbreviated as SC in the following text) and 48 mm and 46 mm for the bigger chamber (abbreviated as LC in the following text), respectively. The axial apertures of the anode and the grounded flange are all of diameter 3 mm while the diameter of the cathode aperture is systematically varied by using the three values of 2, 3 and 4 mm for both the SC and LC configurations to study the influence of the discharge process on the electron beam. The pseudospark discharge gap separation of 16 mm 17 was used to get a relatively high beam current and the post-acceleration gap separation was 6 mm. A 400 high voltage resistor connected the anode and the grounded flange, which ensured the pulsed voltage, was applied on the trigger gap, the pseudospark gap and the post-acceleration gap successively. Two high voltage probes, V prob1 and V prob2 (1000:1 Tektronix P6015A), were used to measure the voltage pulses on the cathode and the anode respectively, as presented in figure 1 . When the phosphor screen was replaced by a Faraday cup, the beam current was measured simultaneously.
When the PFN high voltage pulse was applied between the trigger electrode and the grounded flange, most of the voltage dropped on the trigger gap first before the breakdown of the pseudospark discharge gap because of the small capacitance of the trigger discharge gap. The first breakdown definitely occurs across this small gap due to the extremely high electric field strength when a sufficiently high voltage is applied.
The operating voltage of the post-accelerated pseudospark-discharge electron beam source is ~38 kV with the charging voltage of ~19 kV. A phosphor screen coated with P47 scintillator powder with peak emission wavelength at 400 nm was used for capturing the image of the electron beam. The decay time of P47 scintillator are about 80 ns and the response time is well under the decay time. A stopping copper foil with thickness of 50 m was placed in front of the screen to attenuate the high energy component of the electron beam to sufficient low current to avoid the ablation of the scintillator. The stopping foil also blocks the low energy electrons, soft bremsstrahlung x-rays the foil by the electron beam and other radiation generated by the discharge which can also stimulate the scintillator. The total energy of the bremsstrahlung x-ray is estimated to be at least three orders of magnitude lower than the energy of the electron beam after the stopping copper foil. This ensured the scintillator was stimulated mainly by the high energy component of the electron beam.
The image on the phosphor screen was recorded by a Nikon D50 digital camera with lens of Nikon AF-S Micro Nikkor 105mm F/2.8. The CCD of the camera is sensitive to light with wavelength as low as 380 nm and the lens can transmit the visible and part of the UV lights, which well match the wavelength of the P47 scintillator emission. The shutter time of the camera is set to one second while a single shot of the pseudospark discharge triggered during this period after the shutter was opened. The experimental device and the camera were set up in a dark, radiationshielded room and the camera was controlled by a computer located outside of the room through a USB cable with image data acquired through a cable after the shutter was closed, so that the beam image of each single shot could be individually captured and stored in the computer.
III. Experimental results and discussions
A. Typical discharge waveforms and electron beam image
In both the SC and LC configuration, the typical waveforms of the discharge voltage and the beam current are shown in figure 2 . When a high voltage pulse was applied to the structure, the trigger gap breaks down first and the voltage on the cathode begins to rise sharply. The voltage on the anode, that is the post acceleration voltage of the electron beam, and the electron beam out of the aperture on the grounded flange begin to rise when the pseudospark discharge gap (cathode-anode gap) breakdown starts at ~120 ns after the voltage is applied to the discharge structure.
The typical image of the electron beam is shown in figure  3a . The black circular area is the phosphor screen with diameter of 7.0 mm. Because the scintillator powder is mainly stimulated by the beam electrons penetrating through the stopping copper foil, the intensity of the image should be proportional to the density of the high energy component of the beam. The relative distribution of the beam current density over its cross section can be estimated through the beam image intensity. Then the beam profile and center position of each single shot can also be obtained from the image.
According to the image intensity along a straight line across the beam center, the electron beam profile can then be determined, and the intensity can be fitted well to a Lorentz function profile shown in equation (1) 
The frequencies of the electron beam centers in every 0.04 mm interval from SA in 100 shots of each configuration are counted according to r i to study the beam center position distributions of different pseudospark discharge configurations.
The distributions of the beam center position are shown in figure 4 . It can be seen in figure 4a that the beam center distribution of the SC configuration is more dispersed with the cathode aperture of 4 mm and the dispersion radius is about 0.68 mm from SA, while the distribution with the cathode aperture of 3 mm and 2 mm are similar but more concentrated and the dispersion radius is about 0.36 mm. The peak distributions of different configurations are not in the first 0.04 mm interval from SA and concentrates within the range of 0.04~0.12 mm for the aperture diameter of 2 mm (~60% proportion) and 3 mm (~50% proportion) and 0.08~0.16 mm for the aperture of 4 mm (~35% proportion) respectively.
The beam center distributions of the LC configuration are much more concentrated than those of the SC configuration and the dispersion radii are about 0.16 mm for the cathode apertures of 2 mm and 3 mm and about 0.24 mm for the cathode aperture of 4 mm. The distribution feature is different from that of the SC configuration, as shown in figure 4b . The beam centers concentrate within the dispersion range of 0.04 mm for the cathode aperture of 2 mm (~53% proportion) and 3 mm (~51% proportion). The beam center distribution of the LC configuration with the aperture diameter of 4 mm is more dispersed, showing a qualitative similarity to that of the SC configuration with the aperture diameter of 4 mm. The peak distribution is not in the first 0.04 mm interval from SA and concentrates within the range of 0.04~0.12 mm (~60% proportion).
C. Discussion
In this post-acceleration pseudospark-sourced electron beam configuration, the accelerated electron beam current is mainly in the conductive phase of the pseudospark discharge process. The experimental results show that the electron beam profile and the beam position distribution are quite different in the SC and LC configurations even with the same cathode aperture size, cathode-anode gap and post-acceleration gap under the same applied voltage pulse, as shown in table I and figure 4. So it can be deduced that the electron beam features can be significantly influenced by the discharge process within the hollow cathode chamber.
In the SC configuration, the beam positions are not concentrated near the axis of the structure and the peak distribution is in an annular region around the axis with different radius, which depends on the specific cathode aperture size, as shown in figure 4a . Contrasting with the SC configuration, in the LC configuration the peak distribution of the beam positions is on the axis of the structure except that the beam center distribution with the 4 mm cathode aperture shows a qualitatively similar feature with that of the SC configuration, as shown in figure 4b.
The deviation of the beam position from the axis of the SC structure may be caused by the trigger process of the pseudospark discharge. The intense electron beam originates from the electrons trapped in the low electrical field region near the axis of the hollow cathode of the pseudospark discharge chamber 18 , which will be accelerated by the electric field in the cathode-anode gap after penetrating out from the hollow cathode through the central aperture. The electron beam can be accelerated furthermore by electric fields in the post-accelerated gap. Therefore, the discharge process in the hollow cathode region can significantly influence the original position of the electron beams.
The trigger discharge gap is an annular region with 0.2 mm gap width around a 1.6 mm rod-like trigger electrode as mentioned in section II. The trigger discharge may occur in this gap at any azimuth due to the nature of randomness of the discharge process and then the deviation of the trigger discharge point from the axis may cause the deviation of the initial beam position in the hollow cathode from the axis, so that an annular distribution of the beam position on the phosphor screen can be formed by multi electron beam shots under the action of the postacceleration voltage pulse. However, for the LC configuration with 2 mm and 3mm cathode apertures, the peak distributions of the beam center positions are on the axis of the structure. The main difference of the SC and LC configurations is the size of the hollow cathode chamber. The larger chamber will reduce the influence of the trigger discharge position and tend to initiate an electron beam on the axis of the chamber. Especially the larger depth of the hollow cathode may eliminate the influence of the deviation of the trigger discharge point from the axis when the discharge develops from the trigger point to the cathode aperture.
IV. Conclusion
In this paper, by capturing the beam image of each single shot of the high energy component of a post-accelerated pseudospark-sourced electron beam, the beam density profile on the cross section and the beam center position are obtained. The beam densities show Lorentz function profiles and the FWHM beam radii are much smaller than the aperture size, while the beam center positions disperse in a certain range around the axis of the structure depending on the specific discharge structure. The hollow cathode cavity size and cathode aperture can influence the beam profile and beam center distribution. The LC configuration can generate electron beams with smaller width and more concentrated beam center distributions. More stable electron beams can be generated especially from the LC configuration with a 3 mm cathode aperture.
